Abstract: Given the schedule pressure of lime-stabilized soil construction, many agencies specify the use of elevated temperature (e.g., 41°C), shorter duration (e.g., 5-7 days) accelerated specimen curing for unconfined compressive strength (q u ) testing and acceptance as a proxy for q u of specimens normally cured under 28-day 23°C conditions. Moreover, lime and highway transportation industry associations prescribe a unique accelerated curing regime for all lime-stabilized soils (7-day, 41°C). This paper presents the results from a laboratory investigation of stress-strain-strength development of four lime-stabilized soils under 2-8 day 41°C accelerated curing and the 0-28 day 23°C normal curing regime. Specimens cured at 41°C reached q u values equivalent to 28-day 23°C q u after 1.8-5.9 days. Accordingly, 7-day 41°C curing overestimates 28-day normal cure q u by 13-260%. When combined with a detailed analysis of data available in the literature, the results illustrate that the prescription of a unique equivalent accelerated curing regime is oversimplified and can lead to significant overestimation of design q u .
Introduction
Lime stabilization of roadway subgrade soils is widely used to reduce soil plasticity, mitigate heave, and increase subgrade stiffness and strength. The lime-stabilized soil (LSS) layer becomes a structural component of the pavement system whereby strength and (resilient) modulus are important performance-related and thus design parameters. The performance of LSS requires careful construction, and the relatively involved construction process of uniformly blending, e.g., lime with soil, mellowing, and remixing, requires diligent quality control (QC) and quality assurance (QA).
Design parameters for LSS (e.g., unconfined compressive strength q u , resilient modulus) are typically specified to be representative of 28 days of curing at room temperature (23°C), e.g., per NCHRP Project 1-37A. The desire to assess performancerelated parameters (e.g., 28-day q u , modulus) of LSS during QC/QA greatly conflicts with efficient pavement constructability. Contractors and construction schedules often require the evaluation of acceptance after 5-7 days. Performance evaluation in current U.S. industry practice often involves accelerated curing of LSS specimens in a laboratory environment via elevated curing temperature. Accelerated curing in the lab attempts to mimic 28-day 23°C stress-strain-strength behavior obtained (in the lab) after a time frame more conducive to construction schedules. In general, laboratory evaluation presumably provides insight into the stress-strain-strength behavior of the placed structural subgrade in the field.
The accelerated testing protocol recommended by the National Lime Association (NLA) calls for 7-day curing at 40°C (Little 2000) . This accelerated curing regime is also recommended by AASHTO in the Interim Mechanistic-Empirical Pavement Design Guide (AASHTO 2008) . Some agencies recommend shorter curing durations, e.g., the Metropolitan Government Pavement Engineers Council (MGPEC) (2007) in Denver, Colorado specifies a 5-day 38°C curing regime (Little 1999) . This paper presents the results from a laboratory investigation of stress-strain-strength development of four lime-stabilized soils under both 41°C (hereafter accelerated) and 23°C (normal) curing regimes. The stress-strain response and strength gained under accelerated and normal curing conditions are compared as a function of curing time. The results are then compared with results extracted from data in the literature on a broader array of lime-stabilized soils. The results are used to draw some conclusions on the practice of accelerated curing.
Specimen Preparation and Test Procedures

Soils and Lime Treatment
Four fine-grained soils were collected at Colorado construction sites from surficial geologic deposits composed primarily of Aeolian sands and silts containing large amounts of clay originating from the Holocene and Pleistocene Ages. The key characteristics of the untreated (natural) soils selected for testing, including both Unified Soil Classification System (USCS) and AASHTO classifications, grain content, and plasticity data, are summarized in Soil 1 was collected immediately after field treatment with hydrated lime (at approximately 6% of dry soil mass), mixing, 48 h of mellowing and remixing (with additional moisture conditioning to achieve w opt ) (Fig. 1) . Moisture content was not altered from field conditions prior to specimen preparation. Sampling the field-prepared lime-treated soil is the standard industry practice for QC/QA q u testing.
Soils 2 through 4 were sampled in untreated form from various field sites. Prior to lime treatment, soils 2 through 4 were air dried and processed using a mortar and pestle to reduce the size of conglomerations larger than 4.75 mm per ASTM D6913 (ASTM 2004b) prior to lime treatment. Soils were lime-treated with powdered quicklime (at approximately 6% of dry soil mass) in the laboratory using a high-speed drill with rotary paddle attachment (Toohey 2013) . Soils were initially mixed with powdered quicklime lime, mellowed for 48 h, and finally mixed with additional moisture to achieve optimum gravimetric water content, w opt , and maximum dry density, ρ dðmaxÞ [determined in accordance with ASTM D698 (2007) ]. This mixing schedule mimicked the required field practice per Colorado Department of Transportation standards for field construction of LSS.
Specimen Preparation
Lime-treated specimens 100 mm in diameter and 115-mm tall were prepared and cured under both accelerated and normal conditions. The 100-mm by 115-mm specimens were prepared to w opt and ρ dðmaxÞ conditions (Table 1 ) using standard Proctor energy in accordance with ASTM D698 (i.e., 3 layers, 25 hammer blows per layer). Lime-treated specimens 100 mm in diameter and 200-mm tall were cured under normal conditions only. Specimens 100 mm in diameter by 200-mm tall were prepared to w opt and ρ dðmaxÞ conditions (Table 1 ) using a procedure commonly employed in industry practice (i.e., 4 layers, hand tamped). The ratio of specimen diameter to maximum conglomeration dimension exceeded 21 (100 mm=4.75 mm) for each set of test cylinders.
Curing Regime and Testing Protocol
As summarized by the test matrix in Table 2 , q u testing was performed on specimens subjected to 41°C accelerated (A) curing and specimens subjected to 23°C normal (N) room temperature curing following different curing durations. The notation used in Table 2 reflects the curing regime (A versus N) and the specimen height (115 mm versus 200 mm). All specimens were 100-mm diameter and cured in individually sealed bags with no alteration of ambient humidity outside of the bags. For each soil, q u testing was performed on accelerated cure specimens, 115-mm height by 100-mm diameter (A115) specimens after 2, 4, 6, and 8 days and normal cure specimens, 200-mm height by 100-mm diameter (N115) specimens after 6, 14, and 28 days. For normal cure specimens, 200-mm height by 100-mm diameter (N200) specimens, q u testing was performed after 3, 6, 7, 14, and 28 days.
The q u testing was performed in accordance with AASHTO T208 (AASHTO 2010) in addition to ASTM D5102-09 (ASTM 2004a) Method B (i.e., specimens having 1.15∶1 height-to-diameter ratios). After curing, specimens were capped with Hydrocal gypsum cement to ensure uniform surface contact and force application.The cement capping procedure was adopted largely at the recommendation of industry-grade, geotechnical testing labs. Cement caps were leveled plane allowed to cure for approximately 3 h (in accordance with manufacturer specification for achieving a dry strength of approximately 34.5 kN). Note: CH = high plasticity clay; LL = liquid limit; PI = plasticity index; PL = plastic limit. 
a Each cell represents a set of three test specimens. 
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Testing was performed using a 45-kN ELE/Soiltest uniaxial load frame. A 45-kN load cell and 25-mm range displacement sensor were used to measure axial force and vertical deformation, respectively. Data from both transducers were recorded continuously using computerized data acquisition. The q u tests were performed at an axial strain rate of 1% per min in accordance with ASTM D5102 (ASTM 2004a).
Results
Height-to-Diameter Ratio AASHTO T208 (AASHTO 2010) and ASTM D5102-09 (ASTM 2004a) specify that q u testing should be performed on specimens having a 2∶1 height to diameter ratio (HDR). While many states, e.g., Indiana (Indiana Dept. of Transportation 2008) adhere to these specifications, some states do not, e.g., the Texas DOT uses a specimen HDR of 1.5∶1 (Geiman et al. 2005; Texas Dept. of Transportation 2002) , and the Colorado DOT employs a 1.15∶1 HDR based on Proctor mold specimens [ASTM D698 (ASTM 2007) ]. The use of standard Proctor mold specimens is permitted for q u testing per ASTM D5102-09 (ASTM 2004a) Method B; however, it suggests that q u values obtained from Proctor-sized specimens should not be used interchangeably with values obtained from 2∶1 HDR specimens.
Given the reported influence that HDR may have on q u , the relationship between q N115 u (normally cured 115-mm tall specimens) and q N200 u (normally cured 200-mm tall specimens) was investigated. For the four soils, a total of 72 specimens, 36 for both 115-mm and 200-mm size specimens, were assessed to evaluate the potential influence of specimen geometry. Data from two additional soils (a total of six) are included in a broader study on lime-stabilized soils (Mooney and Toohey 2010) . These additional data are presented to enhance the robustness of the correlation presented in Fig. 2 . Strength gain among specimens of different geometries was assessed with respect to a given curing duration. Since there is no direct relationship between specimens of different geometries, only the average values associated with a given curing duration for each soil have significance. The average q u values from 115-mm and 200-mm tall specimens after 23°C curing for 6, 14, and 28 days are shown in Fig. 2 .
A linear least-squares regression between specimens from the two geometries demonstrates a good correlation, having an R 2 ¼ 0.73. To further support the statistical significance of a least-squares regression, the variance ratio between the two specimen geometry data sets was evaluated via an F-test. The F-test values obtained for the average variances of the three curing durations are presented in Table 3 . For the 6-day and 14-day curing durations, the F-test values reflect a greater than 95% probability that the data obtained are not a result of Type I error (i.e., random noise).The 28-day F-test value reflects a 67% probability. While the 28-day F value may appear low, it is not necessarily statistically insignificant with respect to typical geotechnical engineering applications where design factor of safety's can often range from 1.5 to as high as 3.
The general trend of the linear regression in Fig. 2 is 1∶1. Considering both the high linear correlation coefficient (R 2 ¼ 0.73) and F-test results, the relationship between geometries is believed to be statistically significant and correlative. The remainder of this study focuses on comparing the test results obtained for only the 115-mm tall specimens under accelerated and normal curing.
Stress-Strain Response
The axial stress versus axial strain response measured during each q u test for soils 1 through 4 (A115 and N115 specimens) is shown in Figs. 3 and 4 to illustrate the evolution of behavior with time for both curing regimes. Axial strains at peak q u ranged from 1-4%. The similarity in both q u and peak strain at q u for all of the soils suggests that 41°C curing accelerates the chemical reactions that occur during normal curing and does not create new chemical reactions. The implication is that 41°C curing does not induce artificial strength gain that would not occur under normal conditions.
It is worth noting that soil 1 demonstrates significant variability in stress-strain behavior and q u development between individual specimens for similar accelerated curing durations. This is likely because of the fact that soil 1 was field mixed. Field-mixing procedures are less consistent than those employed in a lab environment, resulting in a higher degree of heterogeneity with respect to lime distribution. Results also show some variability with respect to strength development for the three lab-prepared soils. Data from soil 2 following 14 and 28 days of normal curing reveal comparable strength magnitudes. Similarly, specimens from soil 4 reach a plateau in strength following 4 days of accelerated curing. A plateau in strength development may be related to the early consumption of the soil-lime reactants necessary for pozzolanic reactions. Fig. 5 compares the 6-day A115 stress-strain behavior with that of the 28-day N115 behavior for soils 1 through 3. For soil 4, the 2-day A115 stress-strain behavior is more comparable to 28-day N115 behavior [Fig. 5(d)] . A mineralogical analysis identified a significant percentage of smectite in soil 4 (Toohey 2013). Toohey (2013) suggests a relationship between soil-lime reactivity and percent smectite content. The high level of smectite present in soil 4 may account for increased reactivity and consequently strength development during accelerated curing.
Strength Comparison
The q u values from 115-mm tall specimens cured under accelerated (A115) and normal (N115) conditions are presented in Fig. 6 . Summary data are provided in Table 3 . The growth in q u with curing time is evident. Each soil exhibited reasonably linear growth in q u with time under normal and accelerated curing. Least-squares linear regression was sufficient in characterizing the strength gain with time (all R 2 > 0.7), with the exception of normally cured specimens from soil 2 (R 2 ¼ 0.52). The slope of each best fit line (m ¼ Δq u =Δt) quantifies the time rate of q u gain. As illustrated by visual observation and by the values of m in Fig. 6 and Table 4 , the rate of strength gain varies considerably across these four soils both for normally cured and accelerated cured specimens. The influence of elevated curing temperature on q u gain with time is significant for each soil. Accelerated curing yields q u growth rates 5-14 times greater than under normal curing conditions. The PI ¼ 37 soil 4 was most significantly impacted by accelerated curing (m A =m N ¼ 14). Albeit limited data, there appears to be no clear relationship between either accelerated or normal cured q u growth rates (m A , m N ) and PI or percent clay. Further, accelerated and normal cured growth rates m A and m N fail to demonstrate any identifiable correlation. Fig. 6 illustrates the accelerated curing time required to achieve q u equivalent to 28-day normal curing for each of the four soils. The equivalent accelerated curing durations for the four soils were found to be 5.4, 4.6, 5.9, and 1.8 days, respectively (see Table 4 ).
Soil 4 with PI ¼ 37 yielded the shortest equivalent accelerated curing time. Soils 1-3 generally exhibited similar equivalent curing times. The range of observed equivalent accelerated curing time (1.8-5.9 days) is similar to those reported in the literature (see the "Discussion" section).
When considering the use of accelerated curing in practice, the results presented here and in the literature indicate that 7-day 41°C curing will yield q u values greater than q u values from 28-day normally cured specimens for all soils. Table 5 summarizes the q u values and the overestimation/underestimation of 28-day normal cure q u . The 7-day 41°C curing overestimates 28-day normal cure q u by 13-256%. Accordingly, the use of q u from 7-day accelerated curing specimens is not conservative from a design perspective. The 5-day 41°C curing underestimates 28-day normal cure q u for soils 1 and 3 (less than 10%) and overestimates 28-day normal cure q u for soil 2 (2%) and 4 (94%). The variability in degree of overestimation/underestimation across soils is considerable.
Discussion
To better frame the results presented, a thorough analysis of raw data from five prior studies was conducted, namely, Biswas (1972), Drake and Haliburton (1972) , Townsend and Donaghe (1976) , Alexander and Doty (1978) , and Yusuf et al. (2001) . These results were analyzed and are summarized in Table 6 . Biswas (1972) conducted an investigation on five lime-stabilized clay soils with medium to high plasticity (Table 6 ). The q u testing was performed on 51-mm diameter by 102-mm tall specimens prepared with equivalent standard Proctor compaction energy. Three accelerated curing temperatures were investigated: 41, 50, and 60°C. Only the results from Biswas' testing for 41°C are presented in Table 6 . It was subsequently found that curing at temperatures of 50°C and higher induced pozzolanic reactions that do not occur at temperatures in the field (Townsend and Donaghe 1976) . Similarly, the Transportation Research Board (1987) performed a study stating that curing temperatures higher than 41°C should not be used due to the formation of additional pozzolanic by-products that are not typically present during field stabilization.
For 41°C accelerated curing, the time required to reach 28-day 23°C q u ranged from 2.2-4.0 days for the five soils tested by Biswas (Table 6 ). Biswas did not conduct 5-day or 7-day q u testing at 41°C; however, q u values at these time periods would have significantly overestimated 28-day 23°C q u . Biswas concluded there was no unique correlation between equivalent curing time and soil plasticity indexes. Drake and Haliburton (1972) studied two clays each at two varying lime contents (Table 5 ). Data from this study suggest that equivalent 28-day strength can be achieved by curing specimens of similar mineralogy at 41°C after 32 h of curing for low-moderate (4-6%) lime contents and 72 h of curing for higher (8-11%) lime contents. Townsend and Donaghe (1976) investigated the effect of accelerated curing on q u for low plasticity, silty clay and high plasticity clay using two lime concentrations for each soil. Specimens with 55-mm diameter and 102-mm height were prepared at standard Proctor optimum moisture and maximum dry density. For the silt (ML) soil, q u values after 3-day 41°C and 7-day 32°C were less than 50% of the 28-day 23°C q u values for both 3 and 6% lime concentrations. Unfortunately, Townsend and Donaghe did not extend 32 and 41°C curing times until q u values equaled those determined at 28-day 23°C. For the high plasticity clay (CH) soil, the 28-day 23°C q u was reached after approximately 2 days at 32 and 41°C curing. Townsend and Donaghe also concluded that increased lime content causes a decrease in dry density and an increase in strength for both ML and CH soils. However, the strength gain as a function of lime content is soil dependent. Alexander and Doty (1978) performed a study to compare q u from specimens cured at 43°C for 7 days with q u from specimens cured for 28-360 days at 23°C. Twelve soil types ranging from A-2-4 to A-7-6 were investigated. The 102-mm diameter by 102-mm tall specimens were prepared for each soil and stabilized with hydrated lime contents of 5 and 7%. The q u testing on 28-day 5% lime specimens was not performed; hence the comparison of 7-day 43°C and 28-day 23°C curing is limited to a lime content of 7%. The q u values determined after 7-day 43°C were found to be greater than 28-day 23°C q u for all but one of the soils. The 7% Note: m ¼ Δq u =Δt; A = accelerated curing; N = normal curing. lime accelerated cure specimens had strengths 13-118% greater than their normal cure equivalents. The authors suggest that 7-day 43°C curing is more representative of 2-3 months of 23°C curing. Yusuf et al. (2001) performed a study to compare q u after 7-day 41°C curing with q u after 30-day 25°C curing. Four natural Mississippi soils were selected with medium to high PI values (PI ¼ 29, 32, 28, 17) . Specimens with 64-mm diameter and 127-mm height were prepared using equivalent modified Proctor energy. After curing in plastic bags, the specimens were subjected to a 24-h capillary soak prior to q u testing. The 7-day 41°C q u values were found to be 15-35% greater than the 30-day 25°C q u values. These results are consistent with the findings from soils 1-3 in this study.
The test results and findings presented in the study are generally consistent with those extracted from data in the literature. The 41°C curing duration equivalent to 28-day 23°C curing ranges from 2-6 days, with a majority of the data in the literature closer to 2-3 days. As evidenced by the literature, there is no unique accelerated curing regime (time and temperature) that will yield 28-day room temperature q u values for all soils. The development and rate of pozzolanic reactions in LSS is a function of soil composition, lime content, and temperature. Per the data in the literature, 7-day 41°C curing yields q u values greater than q u determined from specimens cured for 28-days at room temperature. Some studies show that 28-day room temperature strengths are achieved after 2 days at 41°C (40°C).
Conclusions
The stress-strain-strength behavior of four lime-stabilized finegrained soils subjected to 23°C (normal) and 41°C (accelerated) curing was investigated. The test results illustrate the following:
• Stress-strain behavior after 41°C curing is similar to that observed after 23°C curing, only at an accelerated curing time. It appears from stress-strain behavior that 41°C curing does not induce any influential chemical reactions that are not present during 23°C curing.
• Specimens cured at 41°C reached q u values equivalent to 28 day 23°C q u after 1.8-5.9 days.
• Per these results, the 7-day 41°C accelerated curing regime overestimates 28-day normal curing q u by 13-256%. The 5-day 41°C curing produced q u values within 0.90-1.94 of 28-day 23°C q u . When combined with a detailed analysis of available data in the literature, the following conclusions can be drawn:
• The evolution of stress-strain-strength in lime-stabilized soil is influenced by a number of variables including temperature, soil and mineral type, lime concentration, and preparation (moisture, compaction). As such, an equivalent accelerated curing regime (temperature and duration) will always vary.
• The notion of a unique equivalent accelerated curing regime as proposed by NLA, AASHTO, and other agencies, whether 5-day or 7-day, appears oversimplified and flawed in principle. • The simplified use of a standardized accelerated curing regime for all soils and conditions can yield significant error. Based on the results presented here and in the literature, the 7-day 41°C accelerated curing regime recommended by NLA and AASHTO is always not conservative in that it produces q u values greater, and often considerably greater, than 28-day 23°C curing. The use of 5-day 41°C curing is more reasonable yet still can yield significantly different q u values than 28-day 23°C curing. The sought-after or design q u as equivalent to 28 days is arbitrary. In reality, the pavement system will benefit from the lime-stabilized soil strength gain that occurs well beyond 28 days (Townsend and Donaghe 1976) . Nevertheless, these findings suggest that agencies should not prescribe an accelerated curing duration and instead require that an appropriate curing regime be determined for in-situ soils and conditions. Conversely, the pavement community could pursue the development and implementation of alternative approaches for QC/QA of lime-stabilized soils. These are beyond the scope of this paper.
Notation
The following symbols are used in this paper:
m A = slope of linear regression of accelerated cure; m N = slope of linear regression of normal cure; PI = plasticity index; q u = unconfined compressive strength; q A115 u = unconfined compressive strength, accelerated cure specimens, 115-mm height by 100-mm diameter; q N115 u = unconfined compressive strength, normal cure specimens, 115-mm height by 100-mm diameter; q N200 u = unconfined compressive strength, normal cure specimens, 200-mm height by 100-mm diameter; w opt = optimum gravimetric water content; and ρ dðmaxÞ = maximum dry density.
